Simulation models of welding processes allow us to predict influence of welding
Introduction
Growing trend of automation of welding processes requires a deep understanding of the influence of welding parameters on heat and mass transfer in the fusion and heat affected zone as well as the influence on the geometry and microstructure of the weld. Modeling of heat transfer during welding is of great importance in order to understand these influences. Two main approaches are analytical and numerical. Most famous of analytical models are those of Rosenthal [1] and Rykalin [2] . But analytical models can not describe heat flow in and near weld pool with proper accuracy [3] . To overcome these difficulties, researchers have started to use numerical heat conduction models [4] [5] [6] [7] . Today's models [8] [9] [10] describes not only conduction, but also convection, fluid flow, free surface deformation, and arc physics. Group of arc welding processes, which use shielding gases, includes a large number of processes that are applicable for welding of all commercially important materials. One of these processes is gas metal arc welding (GMAW), which is widely used due to its flexibility and --------------productivity. Over the past few decades, GMAW simulation models have developed from relatively simple heat conduction models [11] to very complex models [12] [13] [14] [15] . Despite increasing complexity, application of these models is still limited [16, 17] . Main reason is uncertainty of some input parameters like arc efficiency, heat source parameters, and effective conductivity. These uncertainties cause that output of these models is not reliable [16] . Solution to this problem is optimization of input parameters in order to obtain values that will produce outputs, which are in good agreement with experimental results. There are several papers that deals with this problem considering experimental measurements of weld geometry [16] [17] [18] [19] [20] [21] . This paper presents a methodology which main goal is to obtain values of input parameters, in this case arc efficiency, heat source parameters and effective conductivity in order to get simulated temperature field as close as possible to experimental values. In order to achieve this goal, we have combine 2-D heat conduction model with global optimization algorithm, in this case simulated annealing. We have used 2-D model in sake of simplicity and computational efficiency. In addition, model deals with temperature-dependent material properties. Simulated annealing as an optimization algorithm allows finding of global optimal values.
Model of heat conduction
Modeling of heat transfer during welding represents a complex problem. Solution to this problem is connected to difficulties related to non-linearities of material physical properties, complexity of boundary conditions, and heat source model. Non-stationary partial differential equation which describes 2-D heat conduction during welding of thin sheets [22] is given by:
Equivalent heat transfer coefficient, h eq , can be calculated according to:
In case of natural convection, heat transfer coefficient for upper surface of sheets, h u , and heat transfer coefficient for bottom surface of sheets, h l , can be according to [23] calculated:
where Gr and Pr are Grashof and Prandtl numbers, respectively, and l k is the characteristic length. Direct application of numerical methods for solution of eq. (1) consequently has a large number of computations in each time step. Therefore, in order to reduce computational efforts, we have used a moving co-ordinate system, fig. 1 . Equations (4) and (5) expresses connection between co-ordinate system xyz and co-ordinate system xyz:
( , , ) Considering eq. (1) and eqs. (4) and (5), we get quasi-stationary partial differential equation, eq. (6), which describes heat transfer in welded sheets using moving co-ordinate system:
Numerical solution
For numerical solution, we have used a finite difference method. Computational domain is discretized using orthogonal grid. First and second derivative of temperature are replaced by central finite differences:
Replacing eq. (7) into eq. (6), we obtain:
For iterative solution of eq. (8), we have used successive over-relaxation method. So, eq. (8) now becomes:
(
where A, B, C, and D are equal to: 
Heat source
Interaction between welding arc and molten pool is a complex phenomenon, which is not accurately described, yet. Many authors have developed different heat source models in order to reduce complexity of arc model to acceptable level. In this case, we have applied double-ellipse surface distribution source [3] , fig. 2 . The heat density distribution inside front and rear half-ellipse is equal to: 
where Q, r f , and r b are equal to:
Modeling of thermophysical properties
Thermophysical properties needed for solution of eq. (9) are the density, the thermal conductivity, and specific heat. These properties are function of the temperature and the composition of welded plates [24] . Base material, which we used in experiment, was steel P355GH with chemical composition, tab. 1. Due to lack of data for given chemical composition, we used Fe-Fe 3 C diagram in order to obtain these thermophysical properties. 
Equations for solidus and liquidus temperature are adopted from [26, 27] : 
Carbon content, C, of eutectoid alloy can be calculated from condition Ae 3 = Ae 1 . Carbon content of ferrite is calculated based on Fe-Fe 3 C diagram, assuming linear temperature dependencies: 
Carbon content of austenite is calculated based on eq. (15) 
We have calculated volume fractions of ferrite, pearlite, austenite, and liquid phase using eqs. (18)- (20) and eq. (21), which represents lever rule. Figure 3 shows results of calculations vs. temperature. 
Calculation of ferrite, cementite, austenite, and liquid phase density was made based on [28] using eqs. (22)- (26) . Figure 4 shows results of calculation for steel P355GH. 
Thermal conductivity
Thermal conductivity of phase mixture can be calculated by equation:
Thermal conductivity of ferrite, pearlite, and austenite was calculated based on [29] using eqs. (28) and (29) 
Effective heat capacity
Considering rule for phase mixtures, we can calculate effective heat capacity for P355GH steel, fig. 6 using equations [29, 30] : . Latent heat of austenite to ferrite and austenite to pearlite transformation can be calculated: 
Latent heat of melting is set to L sol→liq = 280000 J/kg.
Experiment
Experiment was carried out on P355GH steel plate with dimensions 298 × 150 × × 5 mm, fig. 7 . Filler material used was OK Autrod 12.50 wire, with 1.0 mm diameter. As a shielding gas, we have used Arcal 5 (82%Ar + 18%CO 2 ). Temperature acquisition was made using AHLBORN Almemo 5690-2 system, fig. 8 . Table 2 shows exact position of thermocouples in x-y co-ordinate system. The experiment was conducted with following welding parameters: welding current I = 150 A, arc voltage U = 18.2 V, welding speed v w = 0.004 m/s, wire speed v = 5.9 m per miunte, gas flow q = 8 l per minute, temperature of plate T p = 21.6 °C, and atmosphere temperature, T a = 20.6 °C.
Optimization method
Simulated annealing is global optimization technique based on random search. Idea for simulated annealing comes from recrystallization process throughout metal annealing. Detailed explanation of simulated annealing optimization method can be found in [31, 32] .
Objective function, eq. (35), is defined as sum of squared errors between experimental and simulated values of temperatures in grid points along x-axis. As the independent unknown parameters, we have chosen set of following six parameters: arc efficiency, three semi-axes of double ellipse heat source, emissivity and effective thermal conductivity, eq. (35). The optimization procedure intends to minimize objective function in order to obtain values of unknown parameters. 
Numerical simulation and optimization procedure were performed using MATLAB software package. Simulated annealing algorithms have been implemented with fast annealing function and exponential temperature update function. Initial temperature was set to 50 while reannealing interval was set to 100. Evolution of objective function value is shown on figs. 10 and 11. 
Summary and conclusions
In order to improve accuracy of numerical model of heat transfer for GMAW, we have developed a calibration procedure for determination of six unknown parameters: arc efficiency, three semi-axes of double ellipse heat source, emissivity of steel plate surface, and effective conductivity. Procedure is based on global optimization algorithm and measurement of temperatures in four points at upper side of welded plates. Result of this procedure is a model, which gives reasonable values of temperature in comparison with experiment. Difference between measured and simulated results can be explained as a consequence of implementation of 2-D, instead of 3-D heat transfer model, considering thickness of plate. In addition, number of iterations of simulated annealing procedure was limited due to reduction of computational time, so optimized values may not be the global one. Despite all, we believe that described procedure can be successfully used for determination of uncertain parameters of heat transfer model.
